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57 ABSTRACT

A method and system for monitoring the health of a battery
is provided. A precision frequency can be determined for the
battery by applying one of an AC current or voltage pertur-
bation across a frequency sweep with impedance spectros-
copy equipment to obtain an impedance response; collecting
data related to the impedance response at a plurality of
various states of charge within a recommended voltage
window of the battery; plotting the collected data on one or
more impedance curves; and analyzing the one or more
impedance curves at the various states of charge to deter-
mine the precision frequency. Next, one of an AC current or
voltage perturbation can be applied at the precision fre-
quency resulting in an impedance response. The value of the
impedance response can be recorded, and a determination
can be made of a battery classification zone that the imped-
ance value falls within.
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1
BATTERY HEALTH MONITORING SYSTEM
AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to provisional patent
application entitled, “Battery Health Monitoring Method,”
filed on Dec. 5, 2011, and assigned U.S. Application No.
61/566,787; the entire contents of which are hereby incor-
porated by reference.

FIELD OF THE INVENTION

The invention relates generally to battery health monitor-
ing. More particularly, the invention relates to a diagnostic
method for monitoring the state-of-health of rechargeable
batteries and identifying defective batteries to be taken out
of service before causing a serious safety hazard.

BACKGROUND

In general, battery state of health defines the performance
of a battery relative to its original condition. Changes in the
state of health from the original condition typically signals
performance loss due to aging processes or a battery’s
end-of-life. Historically, state-of-health methods have been
developed to predict the remaining life of valve-regulated
lead-acid rechargeable batteries in combustion engine
vehicles. Recently, the focus has shifted towards state of
health methods for rechargeable batteries used in hybrid
electric vehicle and electric vehicle applications. In the
emerging markets, battery usage history is coupled with
physical metrics of electrical current and operating tempera-
ture to estimate the remaining usage life of the battery.

Traditional methods for battery state of health typically
related to capacity evaluation and the state of the batteries’
remaining performance life. These methods involved dis-
charging batteries at constant current to predefined voltages,
which is expensive, time consuming, and requires the bat-
teries under test to be out of service for extended periods of
time. Traditional commercial state of health testers measure
impedance by applying an AC current at a single-frequency
or as a square-wave pulse. The frequency at which each
tester operates varies depending upon the manufacturer. See,
e.g., Hewlett-Packard, 1000 Hz; Biddle Instruments, 60 Hz;
Celltron, ~10 Hz; and Midtronics, 25 Hz. The output values
are also specific to the manufacturer. Each of these testers
operates at high frequency where the battery impedance is
nearly the internal resistance value. The internal resistance
value was found to have strong relationship with the remain-
ing capacity of the battery. In short, the earliest uses of state
of health monitor were to relate impedance and remaining
useful life.

Lithium-ion batteries are state-of-the-art rechargeable
power sources for high energy electronic devices such as
missile systems, torpedoes, communication equipment, and
night vision goggles. Recent safety incidents involving
thermal runaway reactions in lithium-ion batteries have
arisen resulting in fire and the subsequent loss of equipment
and resources. Safety of lithium-ion batteries is critical to
fulfill many types of activities, including military operations.
Overcharging lithium-ion batteries decreases their capacity
and cycling performance and increases the risk for venting
toxic materials, fire and explosion.

To avoid overcharging lithium-ion batteries, information
must be known about the type of lithium-ion batteries being
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utilized. Specifically, the upper and lower voltage limits for
charging are specific to the chemistry of the positive/nega-
tive electrode couple and electrolyte materials. The most
common Li-ion battery cathode material is [LiCoO, which
has an upper voltage limit of 4.2 V and a lower limit of 2.8
V vs. Li*/Li°. Charging above the 4.2 V cutoff voltage, or
overcharging, is often the result of improper charging prac-
tices, faulty cell balancing electronics in multi-cell batteries,
thermal imbalances in battery packs, and/or cell manufac-
turing defects. The direct path from overcharge abuse to
thermal runaway is not entirely understood, but is believed
to comprise the following steps: positive electrode materials
undergo structural transformations and release oxygen dur-
ing overcharge, where the greatest quantities are evolved
with voltage, temperature; and the oxidation ability of the
active material resulting in rapid exothermic reactions with
the electrolyte solvent. The release of gaseous species causes
pouch swelling, venting or even rupture of the cell packag-
ing which is dictated by the severity of the overcharge
current and voltage. At potentials >4.5 V organic electrolytes
decompose forming insoluble products which block the
pores of the electrode and cause gas generation in the cell.
Abusive charge practices (overcharge and high rate charg-
ing) result in plating lithium metal on the anode surface.
These lithium defects may grow with abusive charge cycling
resulting in either an internal short circuit or a violent
reaction between the overcharged anode and electrolyte.
Overcharge of just one cell is significant since a failure
resulting in explosion or fire can easily cascade to other cells
in a battery pack.

There are no prognostic methods for lithium-ion batteries
to detect degradation or predict an imminent failure. Health
monitoring and prognostics for Li-ion are limited to state-
of-charge determination, voltage estimation, capacity esti-
mation, and RUL prediction. One proposed health monitor-
ing method calls for periodic voltage and temperature
readings transmitted through the use of an RFID (radio
frequency identification) tag. These traditional methods lack
the specific ability to diagnose the degradation processes
that occur due to abuse (either internal or external) and that
seriously affects the ability of the battery to perform in a safe
manner.

Accordingly, there remains a need in the art for an
impedance diagnostic method for monitoring the state-of-
health of rechargeable lithium ion batteries and diagnosing
battery defects. The diagnostic method should be able to act
as a diagnostic to determine the health of lithium-ion bat-
teries and a prognostic for battery failure. The ultimate
purpose of the method is to identify defective batteries to be
taken out of service before causing a serious safety hazard.

SUMMARY OF THE INVENTION

According to one aspect of the invention, a method for
monitoring the health of a battery is provided. A precision
frequency can be determined for the battery by applying one
of'an AC current or voltage perturbation across a frequency
sweep with impedance spectroscopy equipment to obtain an
impedance response; collecting data related to the imped-
ance response at a plurality of various states of charge within
a recommended voltage window of the battery; plotting the
collected data on one or more impedance curves; and
analyzing the one or more impedance curves at the various
states of charge to determine the precision frequency. Next,
one of an AC current or voltage perturbation can be applied
at the precision frequency resulting in an impedance
response. The value of the impedance response can be
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recorded, and a determination can be made of a battery
classification zone that the impedance value falls within.

According to another aspect of the invention, a system for
monitoring the health of a battery is provided that comprises
impedance spectroscopy equipment configured to determine
a precision frequency for a battery, apply one of an AC
current or voltage perturbation at the precision frequency
resulting in an impedance response, and record a value of the
impedance response. The impedance spectroscopy equip-
ment can be configured to determine the precision frequency
by applying one of an AC current or voltage perturbation
across a frequency sweep to obtain an impedance response,
and collect data related to the impedance response at a
plurality of various states of charge within a recommended
voltage window of the battery. Next, a precision frequency
computer module can be configured to plot the collected
data on one or more impedance curves, and analyze the one
or more impedance curves at the various states of charge to
determine the precision frequency. Finally, a battery classi-
fication zone module can be configured to determine a
battery classification zone that the recorded impedance value
falls within.

These and other aspects, objects, and features of the
present invention will become apparent from the following
detailed description of the exemplary embodiments, read in
conjunction with, and reference to, the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is flow chart illustrating a battery health diagnostic
method in accordance with an exemplary embodiment of the
invention.

FIG. 2 is flow chart illustrating a method for determining
a precision frequency for a battery in accordance with an
exemplary embodiment of the invention.

FIG. 3 is a Nyquist plot of the impedance diagram where
7' is the real impedance and Z" is the imaginary impedance
in accordance with an exemplary embodiment of the inven-
tion.

FIG. 4 is a chart of the impedance data collected at various
states of charge using the precision frequency in accordance
with an exemplary embodiment of the invention.

FIG. 5 is a battery health monitoring system in accordance
with an exemplary embodiment of the invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Referring now to the drawings, in which like numerals
represent like elements, aspects of the exemplary embodi-
ments will be described in connection with the drawing set.

In general, in an exemplary embodiment of the invention
an impedance diagnostic and prognostic technique and sys-
tem that can be utilized that monitors the health of batteries,
such as rechargeable lithium-ion batteries. The method can
measure and monitor the state of health of batteries regard-
less of the state of charge; and therefore, can be useful
during charging, discharging or during periods of rest (e.g.,
no current flow). FIG. 1 is flow chart 100 illustrating a
battery health diagnostic method in accordance with an
exemplary embodiment of the invention. In Step 105, a
precision frequency can be determined for the battery. FIG.
2 is flow chart 105 illustrating a method for determining a
precision frequency for a battery in accordance with an
exemplary embodiment of the invention. In Step 205, a
small amplitude potential or current perturbation can be
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applied across a frequency sweep using standard impedance
spectroscopy equipment to get an impedance response. For
example, the frequency sweep can be from 100 kHz to 0.10
mHz. One of ordinary skill in the art will understand that
standard impedance spectroscopy equipment can include
electrical hardware capable of generating a current or poten-
tial perturbation at various amplitudes and/or frequencies,
such as a potentiostat (perturbation generator), coupled with
electrical hardware for measuring the resulting electrical
impedance response to the applied potential or current, such
as an impedance gain-phase analyzer. The hardware should
have at least two leads to connect to the positive and
negative terminals of the battery. One of ordinary skill in the
art will understand that other electrical hardware configu-
rations, not described herein, can also be used.

In Step 210, the impedance response data can be collected
at various states of charge within the recommended voltage
window of the battery. For example, data can be collected
when the battery is 0% charged, 10% charged, 20% charged,
30% charged . . . 100% charged. In Step 215, the impedance
response data can be plotted into multiple impedance curves
for the various states of charge. In step 220, the one or more
impedance curves can be analyzed at the various states of
charge to determine the precision frequency. The precision
frequency can be determined by noting where the impedance
values are nearly the same among the various states of
charge. That is because the impedance at the precision
frequency is nearly independent of state of charge within the
battery manufacturer’s recommended voltage window. One
of ordinary skill in the art will understand that a precision
frequency computer module can be utilized to collect the
impedance response data and determine the precision fre-
quency. For example, the precision frequency computer
module can include standard spreadsheet and plotting soft-
ware that can be used for analysis of the data to identify the
precision frequency. In an exemplary embodiment of the
invention, the frequency at which the standard deviation is
the smallest between the various states of charge can be the
precision frequency.

After determining the precision frequency in Step 105, in
Step 110, an AC current or voltage perturbation can be
applied at the predetermined precision frequency (i.e., a
single impedance data point). As noted, the impedance can
be measured in two different ways: application of small
potential (e.g., approximately 10 mV), or application of
small current (e.g., approximately 10 mA). One of ordinary
skill in the art will understand that several hardware schemes
can be utilized to carry out the proposed single-point imped-
ance health monitoring method.

In Step 115, the impedance value can be recorded, and
then, in Step 120, a determination can be made whether the
impedance value is in a healthy battery zone. The healthy
battery zone can be established as a range of impedance
values the represent a normal and safe operation of the
battery, and where normal battery operation can continue.
The data collected in Step 105 can be utilized to establish the
healthy zone for the particular battery type being monitored.
However, the healthy zone must be established for each
battery type and depends upon other factors, such as battery
chemistry, size, and geometry.

Other battery classification zones can also be established
in addition to the healthy battery zone. Each of these zones
can define a battery health status zone. For example a
damaged battery zone can represent a battery that has a
single overcharge or over-discharge abuse, and it may be
recommended that the battery is removed from operation.
Another zone, an unsafe battery zone, can represent exces-
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sive overcharge or over-discharge damage, and that the
battery should be remove from service immediately.

One of ordinary skill in the art will understand that a
battery classification zone module can be utilized to make
the determination in Step 120 whether the impedance value
recorded in Step 115 falls in a particular battery classifica-
tion zone. For example, the battery classification zone
module can utilize the data collected in Step 105 to define
the different zones, such as healthy, damaged, and unsafe,
for the battery type that is being analyzed. Then, in Step 120,
the battery classification zone module can compare the
recorded impedance value to the different zones, and deter-
mine which zone properly describes the health of the battery.
Furthermore, the battery classification zone module can
provide an indicator that displays the determined battery
classification zone.

In addition, one of ordinary skill in the art will understand
that the battery classification zone module can maintain a
database of zones for other battery types. Furthermore, one
of ordinary skill in the art will understand that several
hardware schemes can be utilized to indicate the determined
battery classification zone.

In an application of the exemplary method of the inven-
tion, data collected from the battery health monitoring
method will be presented. As noted, in Step 205, a small
amplitude potential or current perturbation can be applied
across a frequency sweep (e.g., 100 kHz to 0.10 mHz) to get
an impedance response using standard impedance spectros-
copy equipment. In Step 210, the impedance data can then
be collected at various states of charge within the recom-
mended voltage window of the battery (e.g. 0, 10, 20,
30...100%). FIG. 3 is a Nyquist plot 300 of the impedance
diagram where Z' is the real impedance and Z" is the
imaginary impedance, in accordance with an exemplary
embodiment of the invention. The plot, as noted in Step 215,
is segmented into 4 regions. Region I represents the high
frequency resistance due to electrolyte, separator and elec-
tronic contacts. Region II represents the impedance of Li-ion
transport through the surface passivation layer. Region III
represents the charge transfer at the surface film/electrolyte
interface. Finally, Region IV represents the Warburg imped-
ance associated with Li-ion diffusion into the bulk structure
of the electrodes.

Valuable battery state of health information can be ascer-
tained at two distinct locations along the Nyquist plot 300
curve. The first location, the Z"=0 intercept, denoted as
Region I, can provide the internal resistance of the cell. This
high frequency real impedance value can yield the resistance
contribution of internal components, such as the electrolyte
and separator, and external battery components, such as the
terminal leads and connections. Degradation processes and
defects in batteries originate from decomposition of elec-
trolyte and interaction between electrolyte and the solid
electrolyte interface. Structural degradation or weakening of
the polymer separator due to dendrite formation on the
negative electrode will increase the high frequency imped-
ance. Detection of degradation processes can then be
obtained through constant monitoring of the impedance
response for a small voltage perturbation applied at the
frequency where Z"=0. The high frequency intercept can
vary across chemistries and pack levels, but has been proven
reproducible for diagnosing physical abuse due to battery
overcharge while being completely independent of battery
state-of-charge.

The second location along the curve where valuable
battery state of health information can be ascertained is
known as the “precision frequency.” The precision fre-
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6

quency can be ascertained through statistical analysis of
baseline impedance measurements taken between the nor-
mal operating voltage ranges, as noted in Step 220. The idea
is to identify the frequency where the cell experiences the
smallest variation in impedance during charging and dis-
charging. As noted, then in Step 110, an AC current can then
applied at the precision frequency and the impedance can be
recorded. A delta impedance value (£7', £7") can be selected
from the precision data collected during normal charge and
discharge as noted in Step 115. Impedance data outside of
the precision range can be considered suspect prognosticat-
ing a potential safety hazard, as noted in Step 120.

In a test utilizing an exemplary embodiment of the
invention, a commercial 20 mAh LiCoO, lithium-ion battery
cell was found to have a precision frequency of 500 Hz. FIG.
4 is a chart 400 of the impedance data collected at various
states of charge using the precision frequency. The tight
grouping of impedance values indicates a healthy lithium-
ion battery functioning within a tailorable resistance region.
This region can expand as safety requirements are relaxed or
contract where ultimate safety precautions are needed. Dam-
age to the lithium-ion battery resulting from an internal
defect (e.g., manufacturing flaw, growth of resistive surface
layers on the electrodes, and presence of an internal short)
or external abuse (e.g., overcharge, over-discharge, high
temperature, and high charge/discharge rates) can be detect-
able with single-point impedance. In an exemplary embodi-
ment of the invention, this method can be sensitive enough
to diagnose abuse caused by overcharge after a single charge
cycle of +400 mV over the manufacturer’s recommended
cutoff voltage. Furthermore, the exemplary technique has
been shown to be successful and repeatable across several
size platforms of lithium-ion batteries.

In the test of the commercial 20 mAh LiCoO, lithium-ion
battery cell, the Z' and Z" numbers at 500 Hz track well the
changes observed during overcharge. For example, during a
single overcharge above 4.4 V (see, FIG. 4 inset 405)
through 5.0 V the imaginary impedance (-Z") values
decrease, and approach the zero axis. After the 1% over-
charge to 5.0 V, there is a 2-stage linear increase in imped-
ance during discharge. Between 5.0-4.0 V the imaginary
impedance changes slowly with respect to the real imped-
ance (dZ"/dZ'=-1.16). This is most likely due to impedance
associated with electrolyte breakdown, increasing R, (inter-
nal impedance). Between 4.0 V-2.8 V discharge, the imagi-
nary impedance changes sharply with respect to real imped-
ance (dZ"/dZ'~-4.26). The 12% overcharge shows a large
grouping of impedance data well above the values after the
1% overcharge. The impedance values continue to increase
and the grouping expands into the 12 discharge.

FIG. 5 is a battery health monitoring system 500 in
accordance with an exemplary embodiment of the invention.
In general, the battery health monitoring system 500 can be
utilized to monitor the health of batteries, such as recharge-
able lithium-ion batteries. The battery health monitoring
system 500 can be connected to a battery 505 by at least two
leads 510 and 515 connected to the positive terminal 520 and
negative terminal 525 of the battery 505. Impedance spec-
troscopy equipment 530 can be configured to determine a
precision frequency for the battery 505 by applying one of
an AC current or voltage perturbation across a frequency
sweep to obtain an impedance response and collect data
related to the impedance response at a plurality of various
states of charge within a recommended voltage window of
the battery 505. A precision frequency computer module 535
can then be configured to plot the collected data on one or
more impedance curves, and can analyze the one or more
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impedance curves at the various states of charge to deter-
mine the precision frequency.

The impedance spectroscopy equipment 530 can then be
configured to apply one of an AC current or voltage pertur-
bation at the precision frequency which was determined by
the precision frequency computer module 535. The appli-
cation of one of an AC current or voltage perturbation at the
precision frequency of the battery 505 can produce an
impedance response, and a value of the impedance response
can be recorded. Finally, a battery classification zone mod-
ule 540 can be configured to determine a battery classifica-
tion zone that the recorded impedance value falls within.
The battery classification zone module 540 can then send a
signal to a display 545 to indicate the determine battery
classification zone.

In an example of an exemplary battery health monitoring
system 500, the impedance spectroscopy equipment 530 can
include a potentiostat configured to apply one of an AC
current or voltage perturbation, and an impedance gain-
phase analyzer configured to measure the impedance
response. The precision frequency computer module 535
can incorporate a standard spreadsheet and plotting software
to determine the precision frequency. In addition, the pre-
cision frequency computer module 535 and the battery
classification zone module 540 can be implemented in a
computer system together or separately. Finally, the display
545 can be configured to display text, colors, sounds, or
other display mechanisms that indicate the determined bat-
tery health zone classification. In addition, one of ordinary
skill in the art will understand that other electrical hardware,
computer module configurations, and display mechanisms,
not described herein, can also be used.

In summary, the exemplary method provides a means for
monitoring the health of a battery in real-time (in situ). This
method is able to diagnose internal battery degradation due
to abuse such as an overcharge or over-discharge, and can be
utilized during periods of battery rest, charge or discharge.
The impedance data can be collected at a single distinct
frequency, precision frequency, which can reduce the time
and energy needed for extensive data collection and analy-
sis. Furthermore, the method does not require use of com-
plex equivalent circuit models.

The impedance information obtained using the proposed
method can alert a user to remove suspect battery cells when
an impedance values fall outside of the healthy zone. The
healthy zone can be established for each battery type and
depends upon chemistry, size and geometry. Finally, the
hardware to implement the exemplary method can be incor-
porated into existing types of battery electronics circuitry.

Portions of the invention can comprise a computer pro-
gram that embodies the functions described herein and
illustrated in the appended flow charts. Furthermore, the
modules described herein can be implemented in a computer
system that comprises instructions stored in a machine-
readable medium and a processor that executes the instruc-
tions. However, it should be apparent that there could be
many different ways of implementing the invention in
computer programming, and the invention should not be
construed as limited to any one set of computer program
instructions. Further, a skilled programmer would be able to
write such a computer program to implement an exemplary
embodiment based on the flow charts and associated
description in the application text. Therefore, disclosure of
a particular set of program code instructions is not consid-
ered necessary for an adequate understanding of how to
make and use the invention. The inventive functionality of
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the claimed computer is explained herein in more detail read
in conjunction with the figures illustrating the program flow.
It should be understood that the foregoing relates only to
illustrative embodiments of the present invention, and that
numerous changes may be made therein without departing
from the scope and spirit of the invention as defined by the
following claims.
The invention claimed is:
1. A method for monitoring the health of a battery,
comprising the steps of:
determining a precision frequency for the battery by
applying one of an AC current or voltage perturbation
across a frequency sweep with impedance spectroscopy
equipment to obtain an impedance response and col-
lecting impedance value data related to the impedance
response at a plurality of various states of charge within
a recommended voltage window of the battery;

applying one of an AC current or voltage perturbation at
the precision frequency resulting in an impedance
response;

recording a value of the impedance response; and

determining a battery classification zone that the imped-

ance value falls within,

wherein the precision frequency is determined by where

the impedance values are nearly the same across the
various states of charge,

wherein the precision frequency is a frequency at which

the standard deviation of the impedance value data is
the smallest between the varying states of charge.

2. The method of claim 1, wherein the precision frequency
is determined by statistical analysis of baseline impedance
measurements taken between normal operating voltage
ranges of the battery.

3. The method of claim 1, wherein step of determining a
precision frequency for the battery further comprises the
step of plotting the collected data on one or more impedance
curves.

4. The method of claim 3, further comprising the step of
analyzing the one or more impedance curves at the various
states of charge to determine the precision frequency.

5. The method of claim 1, wherein the health of the battery
can be determined in real time.

6. The method of claim 1, wherein the health of the battery
can be determined during periods of battery rest, charge or
discharge.

7. The method of claim 1, wherein the method is able to
diagnose internal battery degradation due to abuse.

8. The method of claim 7, wherein the abuse can comprise
battery overcharge and battery over-discharge.

9. The method of claim 1, wherein the battery classifica-
tion zones comprise a healthy battery zone, a damaged
battery zone, and an unsafe battery zone.

10. A battery health monitoring system, comprising:

impedance spectroscopy equipment configured to deter-

mine a precision frequency for a battery by applying
one of an AC current or voltage perturbation across a
frequency sweep to obtain an impedance response;
collect impedance value data related to the impedance
response at a plurality of various states of charge within
a recommended voltage window of the battery; apply
one of an AC current or voltage perturbation at the
determined precision frequency resulting in an imped-
ance response; and record a value of the impedance
response; and

a battery classification zone module configured to deter-

mine a battery classification zone that the recorded
impedance value falls within,
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wherein the precision frequency is determined by where
the impedance values are nearly the same across the
various states of charge,

wherein the precision frequency is a frequency at which

the standard deviation of the impedance value data is
the smallest between the varying states of charge.

11. The system of claim 10, further comprising a precision
frequency computer module configured to plot the collected
data on one or more impedance curves, and analyze the one
or more impedance curves at the various states of charge to
determine the precision frequency.

12. The system of claim 10, wherein the impedance
spectroscopy equipment comprises a potentiostat configured
to apply one of an AC current or voltage perturbation.

13. The system of claim 10, wherein the impedance
spectroscopy equipment comprises an impedance gain-
phase analyzer configured to measure the impedance
response.

14. The system of claim 10, wherein the wherein the
impedance spectroscopy equipment comprises at least two
leads to connect to a positive terminal and a negative
terminal of the battery.

15. The system of claim 10, further comprising a display
configured to display the determined battery classification
zone.

16. The method of claim 1, wherein the precision fre-
quency is a single impedance data point.

17. The system of claim 10, wherein the precision fre-
quency is a single impedance data point.
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